Abstract Mechanical serial sectioning is a highly repetitive technique employed in metallography for the rendering of 3D reconstructions of microstructure. While alternate techniques such as ultrasonic detection, micro-computed tomography, and focused ion beam milling have progressed much in recent years, few alternatives provide equivalent opportunities for comparatively high resolutions over significantly sized cross-sectional areas and volumes. To that end, the introduction of automated serial sectioning systems has greatly heightened repeatability and increased data collection rates while diminishing opportunity for mishandling and other userintroduced errors. Unfortunately, even among current, stateof-the-art automated serial sectioning systems, challenges in data collection have not been fully eradicated. Therefore, this paper highlights two specific advances to assist in this area; a non-contact laser triangulation method for assessment of material removal rates and a newly developed graphical user interface providing real-time monitoring of experimental progress. Both are shown to be helpful in the rapid identification of anomalies and interruptions, while also providing comparable and less error-prone measures of removal rate over the course of these long-term, challenging, and innately destructive characterization experiments.
Introduction
The earliest example of serial sectioning in material science dates back to the early 1900s with the work of Otto Forsman's investigation of ferrous pearlite [1] . Decades later in 1962, Hillert used serial sectioning to evaluate the shape of pearlitic ferrite in steel [2] while Caron applied the technique to better understand the shapes and sizes of grains in a titanium alloy in a thesis dissertation in 1970 [3] . In 1991, the application and occurrences of mechanical serial sectioning within material science increased dramatically beginning with the work of Hull and co-workers [4] and continuing on with the efforts of Mangan and Shiflet [5, 6] , Kral and Spanos [7] [8] [9] [10] and Voorhees and co-workers [11] [12] [13] [14] [15] . One chief significance of each of the aforementioned efforts has been each work's contribution to the field in advancing either the methods of data collection or the processes used for reconstruction of mechanical serial sectioning data.
One such advance was the introduction of the first fully automated serial sectioning system by Alkemper and Voorhees [13] . This system combined a diamond blade micro-miller, micron-sensitive three-axis stage and a linear variable differential transformer for registration and alignment of Electronic supplementary material The online version of this article (doi:10.1007/s40192-017-0091-6) contains supplementary material, which is available to authorized users.
datasets. While the first of its kind, its applications were largely focused on relatively "soft" metallic systems such as Al-Cu and Pb-Sn. Spowart and Mullens later developed an automated approach to serial sectioning by combining a 6-axis robot arm, an inverted optical microscope, an ultrasonic bath, and a polishing wheel with interchangeable diamond abrasive films. This system was shown to successfully serial-section a variety of material systems [16] [17] [18] [19] [20] [21] [22] . UES, Inc. later purchased the rights to license this tool, commercialized the product, and have deployed units worldwide [23] . In 2012, another automated serial sectioning system, Genus_3D™, was reported by Adachi et al. [24] , however very little is currently available in the literature regarding this effort.
The following tools presented in this paper are generally adaptable to any mechanical serial sectioning dataset provided a specific ordering of data is available within electronically accessible text files. Four example data files are provided in the supplemental to this article for reference. The authors have procured a RoboMET.3D™ for 3D microstructural investigations, therefore, the tools presented in this paper will be presented with a version 2, RoboMET.3D™ system as context.
In its basic configuration, the RoboMET.3D™ version 2 combines and integrates a motorized metallographic polisher, a dual ultrasonic bath, a ZEISS™ inverted optical microscope and at least one three-axis robot for translation of a single mounted sample through each of the aforementioned stations. A multi-platen rack with a second robotic arm can also be added to the system to allow for multiple polishing steps per serial section or "slice" [25] . The entire system is located within a windowed enclosure to allow safe autonomous operation following the input of a user-defined preparation routine. The user also specifies the number of cycles the routine is to be executed. Sandia National Laboratories' RoboMET.3D™ version 2 system is shown in Fig. 1 . While autonomous and continuous operation for hours is typical, little is offered in terms of user feedback should an anomaly occur with respect to the sample or should an interruption occur with respect to the system. Either instance can presumably lead to a damaged sample, loss of data, lengthened data collection times, and in some cases, unnecessary use of metallographic preparation consumables. Additionally, the system's primary method for measuring removal rate is based on the average focus height for each slice. This can be problematic if certain events are encountered during imaging. The tools presented in this paper provide a means to mitigate these challenges within automated serial sectioning systems as well as provide the user a richer, real-time context to monitor and/or make decisions regarding the progress of a serial sectioning experiment.
Challenges in Assessing Material Removal Rates
By design, the RoboMET.3D™ system uses a per slice average autofocus height to calculate material removal rates throughout a serial sectioning experiment. This method is generally acceptable provided the following three conditions are true for each slice: (1) image quality is both high and consistent; (2) sample placement on the microscope does not vary; and (3) subsurface features within the sample do not bias the autofocus achieved. Should any of these three conditions not be met, an autofocus-derived measurement of material removal can be misleading, occasionally unreliable or worse, repeatedly incorrect. Examples of incorrect material removal measures resulting from these conditions are shown in Figs. 2 and 3.
In Fig. 2 , a 70-slice serial sectioning experiment is performed upon one half of a tensile sample strained to failure. Material removal measures are reported using a montage autofocus and via an independent laser method which will be discussed in greater detail later. For the sake of comparison, material removal amounts assessed by autofocus and laser are shown on a single plot using relative displacements for both methods from the zeroth slice. A linear curve fit for each method determines the average removal rate per slice. Accompanying optical images for select slices within this 70-slice experiment are shown below the plot. As can be seen, montage autofocus reports an overall negative removal rate over the first 39 slices. By being mounted in a transparent epoxy, the advancing fracture surface (at the top of the optical images) dominates the average autofocus height calculation which is located at a significant depth beyond the polished surface. Once this subsurface edge advances beyond the field of view (i.e., from slice 41 and onward), the montage autofocus measures begin tracking agreeably with the laser measure as shown by the linear curve fits provided. From slice 40 onward, an average removal rate of 1.34 and 1.39 μm per slice is observed for both methods, respectively, albeit with a relatively significant variation in the montage autofocus values. This highlights the challenges inherent with utilizing an optical autofocus height measure when subsurface features may influence or bias the autofocus calculation. This is of particular concern when transparent mounting epoxies are used. While use of an opaque mounting material may mitigate this challenge, subsurface features are not the only challenge to obtaining a trust-worthy autofocus measurement.
In Fig. 3 , similar erroneous measures by montage autofocus are shown for three separate material systems across varying sectioning depths and intervals. In Fig. 3a , a sample of carbon fiber composite is represented having select tiles which repeatably appear in poorer focus than that of others (due to a significant local variation in the sample). In this case, montage autofocus suggests an average removal rate of −1.5 μm per slice over 6 slices. In Fig. 3b , a sample of tantalum having subsurface features influencing autofocus calculations similar to that which is shown in Fig. 2 suggests an average removal rate of −2.05 μm per slice over 15 slices. In Fig. 3c , a sample of 304 L stainless steel experiencing multiple minor placement disturbances on the optical microscope suggests an average removal rate of −2.4 μm per slice over 30 slices. Although these inaccuracies may have differing precipitators, from these four examples provided in Figs. 2 and 3, two conclusions can be made. First, material removal rates by serial sectioning can at a minimum be no less than zero, signifying no material removal. Therefore, any negative measures or estimates of removal rate for serial sectioning must be false. Second, these inaccurate measures derived by montage autofocus can exist over very short or relatively longer durations and depths. The authors note that across these four examples provided, incorrect material removal measures acquired by montage autofocus range from 6 to 40 slices and across depths of 10 to over 150 μm. To address these challenges and provide an independent measure of material removal, a laser has been integrated into the system, operating along the primary robot arm's arc of travel. As hinted in Figs. 2 and 3, and as will be shown and explained, this laser measurement is insensitive to variations in slice-to-slice image quality, minor changes in sample placement during imaging as well as subsurface features visible from the polishing plane. As shown in Fig. 3 , any of these three events can yield problematic and incorrect height indications for an autofocus calculation.
Non-Contact Material Removal Measure
A KEYENCE™ laser triangulation system using an LKH057 sensor head, with an elliptical spot size of 50 × 2000 μm, was incorporated into the RoboMET.3D™ enclosure via a custom three-axis, micron-resolution stand, as shown in Fig. 4a . The measurement is based on the difference between an unchanging reference height relative to the sample holder and the height of the sample surface which constantly recedes throughout the serial sectioning experiment, see Fig. 4b . The method requires no physical contact with the specimen and is repeatable to within a few microns. The sensor head itself has a measurement range of 50 ± 10 mm and is interchangeable with other KEYENCE™ sensor heads having varied ranges and resolutions [26] . A photograph of the three-axis stage for the laser, positioned below a sample within the RoboMET.3D™ enclosure is shown in Fig. 5 .
To demonstrate the validity of the technique, a series of control experiments were performed over three cases. For each case, image quality, sample placement, and subsurface autofocus artifacts posed no challenge to the serial sectioning experiments. These three cases are shown in Figs. 6, 7, and 8. In each case, intermittent, independent laser measurements, far fewer in number than the total number of slices, were obtained throughout the course of each experiment.
One set of investigations involved resolving the presence and morphology of porosity in laser welds using a variety of characterization techniques [27] [28] [29] [30] . As a comparison dataset, serial sectioning was pursued over a volume of 1.5 × 2.5 × 2.5 mm at a nominal slice thickness of 14 μm per slice along the pictured YZ plane, see Fig. 6 . Again, for the sake of comparison, relative displacements for both methods are plotted from the zeroth slice with error bars corresponding to the standard deviation (SD) associated with each data point. In this case, the average removal rate suggested by the autofocus method differed from that of laser triangulation by 0.2 μm per slice. The minor inflection point near the seventy-fifth slice resulted from a change in one of the polishing pads used.
Another study centered on identifying flow paths through geological formations of sandstone. This study called for the serial sectioning of a volume of 9.0 × 8.0 × 1.5 mm along the pictured XY plane shown in Fig. 7 . Linear regressions for both autofocus and laser triangulation methods returned an average removal rate of 12.0 and 12.2 μm per slice and again differed by 0.2 μm per slice. In this dataset, at the sixtieth slice, a minor change to the total polishing time was introduced to improve the polished sample's surface finish. As can be seen, this resulted in a minor adjustment to the overall removal rate but did not change the overall character of the experiment.
In yet another study, the through-thickness morphology of thermal spray coatings was investigated to better understand changes in the coefficient of restitution following miniature impact testing [31] . In the experiment presented in Fig. 8 , a volume of 2.5 × 1.0 × 1.75 mm is shown. This 3D reconstruction was obtained by acquiring serial sections along the XY plane across a much larger cross-sectional area at a nominal slice thickness of 3.6 μm per slice. In this instance, the autofocus measures compared very well with the laser triangulation approach and agreed to within a tenth of a micron in overall average per slice removal rate.
In the preceding comparison plots shown in Figs. 2, 3, 6, 7, and 8, error bars indicating the standard deviation for each set of measurements are included and are most readily visible in the zoomed-in insets. For the autofocus approach, the standard deviation is due to the spread of focus heights associated with each image tile composing each montaged slice. While this tile count is consistent within a given dataset, this quantity often varies from experiment to experiment. For laser triangulation, the standard deviation is derived from three separate laser measurements taken at a given intermittent slice. Across all cases shown, these errors are rather small in comparison to those of the overall material removal amounts and rather difficult to visualize in Figs. 6, 7, and 8 apart from the provided insets. Nonetheless, these insets do provide a sense of the characteristic variance associated with a single data point using either approach.
However, to more appropriately interrogate these errors across a full experiment, standard deviation (SD), standard error of the mean (SEM), and standard error of the estimate (SEE) have been calculated across the four experiments depicted in Figs. 2, 6 , 7, and 8 and have been included in Table 1 . The experiments shown in Fig. 3 are not included in this analysis as those laser measures lack a reasonable sampling for comparison. In the case of Fig. 3 , laser differentials were only taken at the beginning and end of those experiments to confirm some positive amount of surface recession. In this regard, it is also worth mentioning that many more samplings compose the autofocus measures and their calculations of error (e.g., SD AF , SEM AF , and SEE AF ) as each tile within each slice contributes to their overall assessments of mean, variance, and standard deviation. For the sake of convenience, these quantities have also been provided to the reader in Table 1 .
As can be deduced from Table 1 , the standard deviations obtained by montage autofocus (SD AF ) and laser triangulation (SD LASER ) differ by no more than 4 μm for any given dataset, with two out of the four being lower for the laser differential method. The standard error of the mean (SEM) shows a slightly greater difference between those of the two methods. SEM LASER exhibits greater values than SEM AF across all four cases while maintaining a difference of no more than 6.2 μm for any given experiment. The relatively small spread in both SD and SEM for both autofocus and laser approaches is indicative of the repeatability and lack of variance in their populations. However, neither SD nor SEM addresses the accuracy of the measure against the anticipated or actual value of material removal. For example, consider the case of the tantalum tensile experiment referenced in Table 1 and shown in Fig. 2 . Although both SD and SEM are lower for the Figs. 2, 6, 7, and 8 . In all cases, a relative displacement beginning from a zeroth slice is considered. As can be seen, the standard error of the estimate values for laser triangulation (SEE LASER ) are lower in all cases but one in comparison to the autofocus approach. Additionally, SEE LASER is also seen to be significantly less when erroneous negative removal rates are returned by autofocus.
While the error associated with the presented laser differential method could arguably be decreased with a greater sampling quantity, or a finer resolution triangulation head, the data presented provides a compelling observation. This data strongly suggests that even when autofocus measures are reliable, tremendously fewer and/or intermittent laser differential measures can provide comparable if not higher fidelity (i.e., lower error, in the case of SD and SEE) measurements of material removal assuming a linear material removal model. Furthermore, since autofocus measures can be very sensitive to the challenges mentioned and shown earlier (see Fig. 3 ), a secondary and independent material removal measure is not only useful but also prudent and strongly advisable for these lengthy, sensitive, and innately destructive characterization experiments.
Data Collection Monitor
Uninterrupted operation of any automated serial sectioning system is paramount to its benefit. As such, the performance of an automated serial sectioning system is chiefly accompanied by an expectation of lengthy and unsupervised operation. As context, data collection times for the three examples provided in Figs. 6, 7, and 8, each took multiple days to acquire. To increase efficiency during user absence, a set of software tools has been developed to provide real-time tracking of data acquisition, operational cycle times as well electronic user notifications in the case of specific events.
Using LabVIEW™, an extensible, graphical user interface (GUI) was created for visualization of the aforementioned items through appropriation of the version 2, RoboMET.3D™-generated data files. This GUI is called the Mechanical Serial Sectioning Data Assistant© (or MECH-SSDA©). While version 3 systems of the RoboMET.3D™ do not output identical data files, the raw input required for successful operation of MECH-SSDA© is not overly complex in its nature or ordering. The current version of MECH-SSDA© simply requires a minimum of three or maximum of four parsable text files. These text files must describe the serial sectioning experiment with a certain ordering of data attributes per slice. As this data input can quite presumably be produced from a variety of sources, a complete list of these attributes and their anticipated ordering as utilized in this application is included in the "Data File Definitions" tab of the software's menu bar, see Figs. 9, 10, and 11. Also, as mentioned previously, four example data files have been included in the supplemental to this article to aid readers in the identification of or construction of their own input data files. These data files correspond directly to the data presented in Figs. 9, 10, and 11. The optional data file contains the suffix "Error Data" and is only utilized should the user wish to receive notifications of specific system errors.
The first tab of the graphical user interface provides a realtime visual of the material removal rates acquired by both the average montage focus height and the laser differential. These graphs automatically update in real-time as often as new data is collected for either method, see Fig. 9 . One benefit provided here is an immediate visual identification of changes in overall removal rate regardless of influencing action. While careful control of scientific experiments is always desirable, any data collection effort spanning multiple days will generally be more subject to interruption than that of experiments which are by nature shorter in duration. These interruptions may be unintended random events or intentional maintenance interactions. Random events might include the following: unintended human interference, loss of pneumatic pressure, loss of power, or incorrect sample placement to name only a few. Intentional practical maintenance interactions might include restoration of expended polishing consumables, cleaning and changing of polishing pads, or refreshing of ultrasonic cleaning solutions. Any of these events, may influence a serial sectioning experiment significantly. Examples of the impact of a few such intentional events were discussed and are shown in Figs. 6 and 7. Incidentally, it was by use of MECH-SSDA© that the authors were able to quickly determine if the intentional modifications introduced an acceptable or unacceptable change in the experiment and thereby justify the experiment's continuation or termination.
Since most automated serial sectioning systems can be generally divided into two primary steps: (1) grinding or polishing and (2) imaging, the second tab of MECH-SSDA© provides a quantitative monitoring of cycle times associated with each polishing and imaging interval independently. While polishing and imaging times are recorded for every slice, the collective aggregate of cycle times is provided by histograms. These histograms allow a user to quickly determine the relative frequency and global distribution of cycle times associated with either polishing or imaging, see Fig. 10 . In this way, a user can identify the actual cycle time of the experiment beyond merely the summation of the programmed polishing, rinsing, and sonicating activities. This is of value as the authors have discovered the difference between the programmed activity intervals, and the complete cycle time can be rather significant. As an example, the authors have often observed total polishing time to be twice the programmed polishing interval once platen changes and sample translations through other stations within the system are fully complete. Additionally, if an unintended system pause occurs during operation, a user can quickly identify at which slice the incident occurred and determine if such a slice can or needs to be repeated upon resumption of the experiment.
The third tab provides an aggregate view of the temporal footprint of the entire experiment as a function of slices acquired. Here, in addition to the overall cumulative experiment time, the user is provided a measure of the time expended for each slice, see Fig. 11 . All plots of MECH-SSDA© illustrate measured quantities as a function of slice number so a slice by slice behavior can be readily extracted. As can be observed, the peaks within the polishing time plots, (see Fig. 10 ) and the discontinuities within the total run time, (see Fig. 11 ) correspond directly. These instances denote lengthy pauses in system operation due to the completion of a set during an overnight run prior to continued operation during the next work day. Additionally, within the far-right sections of pane 3, shown in Fig. 11 , data are also plotted here as a real-time histogram. Like all others histograms in MECH-SSDA©, the window can be adjusted by clicking and dragging up or down on the yellow line appearing within the plot window to zoom in or out, on specific portions of data, and identify the most frequently recurring time intervals.
Lastly, using a variety of criteria readily available from the acquired data, MECH-SSDA© can also send any number of users an email should certain events present themselves. A listing of the selectable events currently available in version 1.31 of MECH-SSDA© is shown in Table 2 and in Fig. 12 .
Discussion
Automated serial sectioning systems present a definite advance in metallography toward 3D interrogations of microstructure. However, due to the lengthy and often costly investment required for data collection, tools yielding rapid, real-time assessment of data provide a number of potential advantages. As a final example, Fig. 13 depicts a serial sectioning experiment in which MECH-SSDA© was used to monitor the progress of data collection. The investigation required traversal through just over 2.5 mm of material. Due to specific restrictions with the sample and its configuration, it could not be cut or machined down into a smaller geometry prior to serial sectioning. The region of chief interest within the sample began approximately 2 mm below the polishing surface. Fortuitously, it was not necessary to capture high resolution optical images prior to this depth. As a result, a coarse grinding was used to quickly traverse the first 2 mm of material followed by a more traditional, finer resolution serial sectioning over the remaining 0.5-0.7 mm. Using MECH-SSDA©, the authors could quickly and easily identify when the desired depth had been traversed without removing the sample from the system, without making any additional measurements, and without performing any additional calculations. Additionally, this approach allowed the authors to complete this experiment in 120 total slices instead of 270. This comparison is offered as 270 slices would have been required to serial section the entire volume at 10 μm per slice. This alone represents a reduction in experimental data accumulation by more than a factor of 2.
Since serial sectioning experiments can easily enter the range of multiple gigabytes of data, this represents a significant savings in data storage. Furthermore, it is worth noting that each serial section acquired at 10 μm per slice required approximately 20 min to obtain. As mentioned previously, this approach, enabled by use of MECH-SSDA©, required only 80 slices to be captured at 10 μm/slice as opposed to 270. This difference alone yielded a time savings of over 60 h. This time savings was derived from a very fundamental monitoring and decision enabling use of real-time data acquisition.
Overall, the benefits of the MECH-SSDA© tool presented here are at least fivefold. First, the data tracked helps provide the user a detailed picture of system operation at any point in the experiment. This monitoring enables rapid identification of abnormalities should an unintended or anticipated event occur. Second, the data tracked provides the user an empirical method to more readily and reliably forecast operation time toward experiment completion. Using MECH-SSDA©, users do not have to estimate operation time based on intuition or previous efforts rather, users can view the actual operation intervals real-time which as mentioned previously, may be significantly different than that of the sum of the programmed Closed-loop control in automated serial sectioning systems would provide for intelligent correction of the system without user intervention. However, for this to be possible, real-time assessment of data acquisition compared to that of some standard would be required. As such, the MECH-SSDA© tool and others of its kind provide a useful initial step toward the eventual development of closed-loop operation in automated serial sectioning systems.
Conclusions
Customizations to assist in the operation of an automated serial sectioning system have been presented. These customizations include a non-contact method to assess material removal rates and a real-time data collection GUI called MECH-SSDA©. The primary conclusions from this work are as follows:
& The demonstrated non-contact material removal assessment is obtainable over a range of 50 mm with a resolution on the order of microns. This assessment is enabled by calculation of an explicit measurement differential obtained by laser triangulation between the sample surface and a sample reference. & The laser differential measurement was shown to be insensitive to changes in image quality, sample placement during imaging, and subsurface artifacts which can each improperly bias an autofocus measure. Authors' Contributions JM conceptualized the application of laser measurement as a material removal measure as well as the interface, layout and points of user interaction for MECH-SSDA©. OU performed calibration experiments for comparison of autofocus measures with laser triangulation. GP determined the programming logic, co-designed the user interface, and wrote the source code for MECH-SDDA© in Fig. 13 An example of rapid material removal and monitoring to shorten the overall duration of a serial sectioning experiment and readily identify the depth at which finer material removal should be implemented (Color figure online)
LabVIEW. EH constructed and installed the Keyence™ laser, digital display and support apparatus within the SNL RoboMET.3D to enable laser differential measurement.
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